Renal sodium channels: Regulation and single channel properties  by Eaton, Douglas C. et al.
Kidney International, Vol. 48 (1995), pp. 941—949
SODIUM CHANNELS
Renal sodium channels: Regulation and single channel properties
DOUGLAS C. EATON, ANDREA BECCHETTI, HEPING MA, and BRIAN N. LING
Departments of Physiology and Medicine, Emoiy University School of Medicine, and Veterans Affairs Medical Center, Atlanta, Georgia, USA
While anyone on a picnic or campout may feel that nature has
succeeded only too well in adapting animal life (particularly
arthropodan life) to a terrestrial environment, the number of
terrestrial species and the census of those species is small by
comparison with the number of species and the census of marine
animals. This is particularly true if one considers only relatively
large organisms: on land, these are mostly vertebrates. There are
several reasons for this relative scarcity of terrestrial species. First,
in an evolutionary context, animals invaded land relatively late
and consequently have had less time to develop; but second, a
terrestrial environment places significantly different demands on
an organism than a marine environment. One difference is that,
for a marine organism, salt and water intake is coupled, yet in
terrestrial animals it decidedly is not. Thus, salt and water balance
must be regulated separately. In vertebrates, the necessity to
regulate salt independently of water has lead to the evolution of
several unique adaptations, one of which is the amiloride-block-
able Na channel. The amiloride-blockable Na channel is the
primary site for the regulation of Na reabsorption in many
vertebrates. The classical example of such vectorial transport is
the uptake of Na across frog skin, but in mammals the primary
site for discretionary control of Na reabsorption is the distal
nephron. In principal cells of the distal nephron, Na transport is
a two step process: first, passive entry of Na from the lumen into
the cell through apical Na channels followed by ATP-dependent
extrusion from the cell to the serosal compartment via the
basolateral Na,K-ATPase. While some regulation of Na
transport may take place at the basolateral exit step by controlling
Na,K-ATPase activity, almost all regulation of Na transport
is, apparently, via control of the apical entry step, namely the
amiloride-blockable Na channel.
Regulation of Na4 entry across renal cell membranes occurs in
several ways. In general, apical Na current, 'Na' through apical
Na channels is given as
'Na = YNPO(EM — ENa) (Eq. 1)
where N is the total number of channels present per unit area of
membrane, y is the unit conductance of a single channel, P0 is the
open probability of a single channel, Em is the membrane
potential, and ENa is the Na equilibrium potential. This equation
distinguishes the conduction properties of Na channels from
their gating properties. The conduction property of a channel is
described by the unit conductance which is a measure of the rate
at which ionic current flows through a single open channel in the
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presence of a voltage driving force (Em — ENa). The gating
property of a channel is described by P0, the open probability,
which is the fraction of time that a single channel remains in an
open or conducting state. The product, NP0, is the mean number
of open channels. In theory, any of the parameters on the right
side of Equation 1 could be altered to change the magnitude of
current through a group of channels, but, in fact, the most
frequent mechanism for altering ion flow is an alteration of N or
P0. Therefore, many of the single channel analysis methods
concentrate on counting the density of channels or examining the
determinants of open probability, that is, the mean duration of
open intervals and the mean duration of closed intervals for a
single channel.
Cellular regulation of amiloride-blockabie sodium channels
As mentioned above, one of the main reasons for examining
Na channels in the first place is to understand the control and
regulation of total body Na homeostasis at a cellular level. In this
regard, patch clamp methods are particularly suited to an exam-
ination of channel regulation at a molecular level. When apical
membrane patches are "excised" there is direct access to the
intracellular surface of the channel protein, the presumptive site
of much of the channel regulation. Such access is not possible with
other methods of studying epithelial tissue. Thus, it is possible to
study the modulation of individual Na channels at the proximal
site of regulation, that is, localized apical membrane events. This
is important since the mechanisms associated with regulation of
Na transport form at least a threefold hierarchy. The first level
involves hormonal regulation at the level of the entire organism.
At a cellular level, hormonal agents interact with specific cellular
receptors at the basolateral (serosal) surface of epithelial cells to
activate the second level of regulatory events. Intracellular second
messenger cascades transduce the hormonal signal from the
basolateral membrane to the apical membrane where the primary
control of Na transport occurs. The third level involves molec-
ular events confined to the local microenvironment of the apical
membrane itself. At this level membrane-bound regulatory ele-
ments are activated by cytosolic second messengers. Activated
membrane-associated factors directly modulate the activity of
single, Na channel molecules. This last level of modulation is
difficult to unequivocally examine in any preparation except an
excised patch of apical membrane. The difficulty in examining
regulation at a molecular level is reflected in the fact that only
recently has their been significant progress using single channel
methods to examine amiloride-blockable channels in epithelial
tissues.
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Measurement of the properties of Na transport in whole
tissues suggests that the major pathway for transepithelial Na
movement should be highly selective and that individual channels
should remain open or closed for relatively long periods of time.
The properties of single highly-selective Nat channels observed in
patch clamp experiments correspond to these expectations. The
Na-to-Kt selectivity of these channels is very high (PNa/PK
greater than 40) with a unit conductance of 4 to 5 pS. Single highly
selective, amiloride-blockable channels were first described in the
apical membranes of principal cells from isolated rat cortical
collecting tubules (CCT) [1]. They have subsequently been de-
scribed in the amphibian renal cell line, A6 [2], primary cultured
rabbit CCT [3], proximal straight tubule [4] and may also be
present in the porcine kidney cell line, LLC-PK1 (Cantiello,
personal communication). They are slightly voltage-dependent
with the open probability decreasing with depolarization. The
decrease in open probability is due to a voltage-dependent
decrease in the opening rate and an increase in the closing rate of
about tenfold for a 230 mV depolarization of the membrane
potpntial. The channels are not blocked by Ba2 [5], The mean
open time is typically 1 to 2 seconds and the mean closed time is
approximately 2 to 3 seconds. The mean open time is decreased
and mean closed time increased when the apical surface of the
channel is exposed to submicromolar concentrations of amiloride.
The amiloride block is voltage-dependent with increasing hypcr-
polarization increasing the block. With no applied potential, 52
nm amiloride reduces the mean open time by 50%. Channel
activity often disappears or "runs down" in excised patches. This
makes examination of channel regulation more difficult.
Because of the relative ease of working with tissue culture cells,
many of the patch clamp experiments examining the properties of
Na channels have been performed on A6 cells. A6 cells were
originally derived from Xenopus kidney and have all the hormonal
regulation and pharmacological characteristics expected for Nat
channels in mammalian CCT principal cells.
Besides highly selective Na channels, other amiloride-block-
able, Na-permeable channels have been described. The proper-
ties of these channels do not, in general, correspond to the
properties of intact tissue: the Na-to-K selectivity ratio is too
low and the mean open time is of quite short duration. In this
review, we will concentrate on the highly-selective Na + channels
because they seem more physiologically relevant and because the
properties of the recently cloned Na channels expressed in
Xenopus oocytes [6] are the same as those of highly selective Na
channels observed in patch-clamped A6 cells.
Regulation by vasopressin and cyclic-AMP
The mechanism by which antidiuretic hormone (arginine vaso-
pressin) increases Na transport in Nat-transporting, tight epi-
thelia, primarily involves the appearance or insertion of new
channels. Numerous studies support the notion of addition of new
channel proteins [7—9] and the addition to or turnover of the
apical membrane [10—15]. Patch clamp studies also support this
conclusion [16, 17]. In one study [17], the properties of single
amiloride-blockablc Nat channels in membrane patches from
cultured distal nephron cells (A6) were examined either before or
after treatment with vasopressin. Treatment of cells with vaso-
pressin increases the number of conductive Na + channels with
little or no change in the open probability of individual Nat
channels. Treatment of cells with N6,2'-O-dibutyryladcnosine-3':
5'-cyclic-monophosphate (db-cAMP), which is a membrane-per-
meable analog of cAMP, the second messenger for vasopressin, or
cholera toxin (CTX) which should increase the intracellular levels
of cAMP through activation of a stimulatory guanine-nucleotide-
binding protein (G-protein) both produce similar results. The
distribution of channels within patches suggests that pretreatment
of cells with vasopressin, db-cAMP or CTX may induce mem-
brane "hot spots" containing many more conductive Nat chan-
nels than the surrounding membrane in which channel density is
similar to that of untreated cells. This observation is consistent
with the idea that vasoprcssin may act by promoting insertion of
clusters of new Nat channels. Vasopressin's action is presumably
mediated by cAMP-dependent, activation of protein kinase A
(PICA). The implication of the patch clamp results is that PICA
does not act by directly phosphorylating pre-existing Nat chan-
nels in the apical membrane, but rather that a PICA-mediated
phosphorylation event promotes the insertion of Nat channels
(probably in vesicles) into the apical membrane.
These results are in interesting contrast to amiloride-blockable,
but poorly Nat-selective channels obtained as a purified protein
from bovine renal papilla and reconstituted into lipid bilayers
[18—20]. In these channels, there is little question that one action
of PKA is to directly phosphorylate one of the channel compo-
nents and, thereby, increase channel open probability. From these
experiments, it is not possible to determine if PICA activation
would also increase channel density of the native cells. It will be
interesting to determine the effect of PKA phosphorylation on
isolated Nat channel clones expressed in Xenopus oocytes [6].
Regulation by aldosterone
The steroid hormone, aldosteronc, is the major hormonal
mechanism for maintaining Nat homeostasis at the organismic
level [21—24]. Increasing the circulating concentration of aldoste-
rone markedly increases apical membrane Nat permeability in
tight epithelial tissues such as the distal nephron and descending
colon. This increase in the tissue Nat transport occurs over the
span of hours [23] and obligatorily involves gene expression and
protein synthesis [25—28]. The traditional view of aldosteronc's
action based on whole tissue and fluctuation measurements was
that the newly synthesized proteins were Nat channels which
were inserted into the apical membrane to increase Nat perme-
ability by increasing the number of transporting units. With whole
tissue measurements, it is difficult to distinguish between changes
in channel density (N) and channel open probability (P0); how-
ever, several types of measurements have suggested that the
number of Nat channel proteins (or their immediate protein
precursors) change very little with application of aldosteronc [8,
23, 29—31]. In particular, experimental work by Kleyman, Cou-
paye-Gerard and Ernst [30] on A6 cells in which Nat channels are
labeled with channel specific antibodies shows that there is no
alteration in the number of marked channels in the presence and
absence of aldosterone even though the total cellular conductance
increases after aldosteronc treatment. On the other hand, in this
scheme, exposure to vasopressin does not alter the properties of
pre-existent channels, but rather promotes the insertion of new
channels from a vesicular pool. Thus, in the presence of aldoste-
rone, pre-existing channel proteins appear to change from a
non-conductive, "cryptic" state to a normally conducting "func-
tional" state. That is, the "cryptic" channels have an open
probability equal to or near zero while the "functional" channels
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have significant open probabilities. Unfortunately, no type of
electrical measurement method can identify the presence of truly
non-conducting ("cryptic") channel proteins in the membrane
and, therefore, it is difficult to distinguish between the insertion of
new channel proteins which become functional upon insertion and
the activation of previously non-conducting channels present in
the membrane prior to stimulation.
Fortunately, examination of single channel records does pro-
vide some insight into which of the two possibilities is likely to be
the case. Patch clamp experiments in A6 cells [32] support the
view that aldosterone alters channels from a "cryptic" form with
zero or very low open probability to a functional form with a high
open probability. Single channel measurements show that readdi-
tion of aldosterone to aldosterone-depleted cells alters the kinet-
ics of single Na channels: exposure to aldosterone increased the
mean open time and open probability by about one hundred-fold
(mean open time typically increased from about 20 to 30 ms to 2
to 3 seconds; open probability increased from values near zero to
values near 0.4). As expected, exposure of A6 cells to aldosterone
also increases the apparent density of functional channels detect-
able in the apical membrane, but in the absence of aldosterone,
the mean open time is so short that there is a significant
probability of underestimating the actual number of channels per
unit area of membrane, that is, the apparent number of functional
channels is smaller. Although the problem of accurately counting
channel density is obvious in single channel experiments, the
problem is present regardless of which measurement method
used: for short-circuit measurements, channels with low open
probability will not contribute significantly to overall current; for
fluctuation measurements, low-open-probability channels cannot
contribute significantly to the intrinsic power or to blocker-
induced power. These single channel results imply that the
traditional view of aldosterone's action (that is, that the aldoste-
rone-induced proteins are Na channels) is not correct. Since the
kinetics of pre-existing Na channels is dramatically changed by
aldosterone, the major action of at least one of the aldosterone-
induced proteins must be to modulate Na transport by increas-
ing the mean open time of "cryptic" channels via a post-transla-
tional modification of membrane proteins or lipids.
The identity of the aldosterone-induced proteins and the nature
of the aldosterone-mediated post-translational modifications have
been the subject of numerous investigations. One interesting
suggestion is that aldosterone-mediated activation of Na chan-
nels involves an essential protein transmethylation [33—35]. Patch-
clamp methods are particularly useful for examining the role of
membrane methylation reactions in the aldosterone-mediated,
activation of amiloride-blockable, highly-selective Na channels.
Incubation of A6 cells with 300 tM 3-deazaadenosine (3-DZA), a
blocker of transmethylation reactions, produced a sixfold de-
crease in the apical Na permeability measured as NP0. The
reduction was due to a reduction in channel open probability (P0)
without any significant effect on apical channel density (N). In
addition, incubation with 3-DZA inhibits induction of channels by
aldosterone. However, since the chain of events which leads from
elevation of serum aldosterone to an increase in the open
probability of apical Na channels involves many steps, the exact
site of methylation blocked by DZA is unclear. More insight can
be gained from an examination of direct methylation in excised,
"inside-out" patches. Exposing the "cytoplasmic" surface of Na
channels from aldosterone-treated A6 cells to S-adenosyl-L-
methionine (AdoMet, the main methyl donor in biosynthetic
reductions), in the presence of 1 mr'i ATP, maintains Na channel
activity above that of control patches. Also, in excised patches
from aldosterone-depleted A6 cells in which little or no channel
activity was initially observable, addition of AdoMet increased the
open probability of pre-existent Na channels in a manner similar
to the action of aldosterone.
These results suggest that a transmethylation reaction contrib-
utes to the activation of Na channels in A6 cells. In addition, the
methyl transferase and its target protein must be associated with
the apical membrane in close proximity to the Na channel, since
application of exogenous methyl donor to the "cytoplasmic" bath
activates the channel in an excised patch of membrane. This
methylation-induced effect appears to be directed to some mem-
brane-associated regulatory element closely connected with the
Na channel complex [34].
Sodium channel phosphorylation and dephosphorylation:
Regulation by tyrosine and serine/threonine kinases
Although aldosterone and antidiuretic hormone (ADH) are the
major hormones which control renal Na transport, other hor-
monal agents can also affect Na reabsorption in the distal
nephron. Insulin is usually associated with glucose metabolism,
but several reports have also suggested an effect on Na transport
[36—39], although the mechanism remains unclear. In several
other cell systems, insulin receptors are tyrosine kipases which
initiate a cascade of events leading to the end effect of the
hormone. In A6 cells, application of insulin increases net Na
transport measured as short-circuit current ('SC) [36, 39—43]. The
insulin-induced increase in 'Sc could be blocked by several inhib-
itors of tyrosine kinase (genistein, lavendustin, and tyrphostin),
but, in addition, the inhibitors reduced the basal I, in the absence
of insulin. This observation implied that significant tonic activa-
tion of a tyrosine kinase exists in the absence of insulin and that
insulin further stimulates the same kinase or induces a second
tyrosine kinase.
At a single channel level, insulin-treated A6 cells had a higher
density of Na channels in the apical membrane than untreated
cells [38, 43]. An examination of the effects of the tyrosine kinase
inhibitors on single channels revealed two effects: a decrease in
channel density and a smaller decrease in channel open probabil-
ity. These results imply the presence of two tyrosine kinases: one
activated by insulin which increases the number of apical Na
channels either by promoting channel insertion or by activating
pre-existing, "cryptic" channels, and another which is tonically
active which increases the open probability of individual Na
channels. Of course, it is not possible to distinguish between a
direct tyrosine phosphorylation of the channel itself and an
indirect cascade of events which is triggered by tyrosine phosphor-
ylation.
The action of most renal hormones requires from tens of
minutes, in the case of ADH, to hours for aldosterone. The time
course of aldosterone action in the kidney is even longer since
aldosterone production is increased only after an increase in renin
secretion. Given the large flux of Na through Nat-transporting
epithelial cells, more rapidly acting control mechanisms are
necessary to control the second-to-second flux of Na through
epithelial cells. Cellular processes which modulate Na transport
within seconds to minutes can modulate Na reabsorption in
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response to changes in Na delivery to the apical surface of the
transporting epithelial cells [44]. While some investigators suggest
that Na "self-inhibition" results from direct interaction of
luminal Na ions with a "modifier" site exposed to intraluminal
fluid, this type of negative-feedback inhibition appears to involve
more complex mechanisms. These processes are characterized by
an inverse relationship between intracellular Na activity and
apical Na permeability [45]. However, it is not mediated through
a direct action of Na ions with the inner surface of the Na
channel since alterations in intracellular Na do not affect the
open probability of Na channels in excised patches at Na
concentrations comparable to that which induces self-inhibition
[24, 46]. The mechanism probably requires secondary changes in
cytosolic Ca2 which, in turn, are due to changes in the Na
gradient driving the basolateral Na-Ca2 exchanger. It is well
established that increased cytosolic Ca2 reduces the total apical
Na conductance [47] and reduces the open probability of single
Na channels [48]. However, in excised, inside-out patches from
isolated rat CCT and primary cultured rabbit CCT, high cytosolic
Ca2 concentrations applied directly to the "cytoplasmic" surface
do not affect the open probability of single apical Na channels [3,
48, 491. These results imply that Ca2 operates indirectly, by
activating a cytosolic factor which, in turn, inhibits apical Na
channels.
One mechanism for Na channel self-inhibition is mediated by
an apical-membrane-delimited process involving protein kinase C
(PKC) [2, 48, 50]. This is interesting since activation of PKC by
diacyiglycerols and phorbol esters is potentiated by increases in
intracellular Ca2 [51] and since many other ion channels are
modulated by PKC-mediated phosphoiylation [52]. Whole tissue
and biochemical data also support the role of PKC in down-
regulating Na channels. Yanase and Handler [53] have found
that activators of PKC inhibit I in A6 cell cultures. Isotopic Na
uptake in the LLC-PK1 porcine kidney cell line is inhibited by
phorbol esters [54]. Rabbit CCT cultures possess PKC that
translocates from a soluble to a particulate fraction (an indication
of PKC activation) with application of phorbol ester, diacylglyc-
erol or diacylglycerol kinase inhibitor. In addition, net Na
reabsorption is inhibited by phorbol esters in microperfused
rabbit CCT [55].
Patch clamp experiments on A6 cells show that the primary
effect of activating apical membrane-bound PKC with phorbol
esters and synthetic diacyiglycerols is to reduce open probability
of Na channels with little change in the number of channels [2,
56], although there may be some reduction in the number of
channels in rat CCT cells treated with phorbol ester [50]. Increas-
ing intracellular Ca2 by application of a calcium ionophore or
thapsigargin, a releaser of intracellular Ca2 stores, also seems to
activate PKC and reduce Na channel activity [2, 57]. The effect
of PKC is interesting since at least one amiloride-blockable, apical
channel in A6 cells (consisting of six non-identical subunits with
molecular masses ranging from 35 to 330 kD) contains two
subunits (55 and 130 kD) which are phosphorylated by PKC (58;
Benos, ASN Annual Meeting, 1989).
The experiments described above involve alterations in phos-
phorylation induced by changes in the rate of phosphorylation.
Since the phosphorylation state of any biologically relevant mol-
ecule depends not only on the rate of phosphorylation but also the
rate of dephosphorylation, it should be possible to alter channel
function by inhibiting the phosphatases responsible for channel
dephosphorylation. Naively, one would expect that inhibition of
dephosphorylation would be equivalent to activation of the ki-
nases responsible for phosphorylation. In previous experiments,
activation of PKA increases the apical density of Na channels
while activation of PKC reduces the open probability of single
Na channels, In contrast, application of okadaic acid, a cellular
phosphatase inhibitor, increased amiloride-blockable I,, by about
45% with a one hour latency and maximal stimulation occurring
after about two hours. Fluctuation analysis of apical, cell-attached
recordings from patches containing a large number of highly
selective Na channels yielded power spectra with corner fre-
quencies for untreated cells 1.6-fold higher than for cells pre-
treated for one hour with 100 nM okadaic acid implying a change
in single channel open probability. The increase in open proba-
bility was due to both an increase in mean open time and a
decrease in mean closed time, and alone was large enough to
explain the observed increase in I although the fluctuation
measurements could not rule Out an additional small increase in
the density of apical Na channels. Single channel analysis,
however, was consistent with fluctuation analysis: cells pretreated
with okadaic acid for one hour showed no change in N, but a
significant increase in open probability and average time that
channels were open.
Despite the effect of 100 flM okadaic acid, pretreatment with 10
nM okadaic acid did not produce any significant effect on Na
channel activity. This dose-dependence suggests that the phos-
phatase is probably a type 1 phosphatase since low doses of
okadaic acid would be expected to inhibit protein phosphatase
2A.
The okadaic-acid-induced increase in the open probability of
highly selective Na channels, with no increase in apical mem-
brane channel density, is consistent with the presence of an
okadaic acid-sensitive phosphatase which counteracts a stimula-
tory protein kinase-mediated phosphorylation step. However,
based on our discussion above of the effects of tyrosine kinase,
PKC, and PKA, we would exclude any of these protein kinase
pathways as being responsible for the phosphorylation step linked
to the phosphatase blocked by okadaic acid. Since activation of
either PKA or tyrosine kinase increases the apparent density of
Na channels in the apical membrane of A6 cells without
significantly affecting the open probability [17, 43], inhibition of
dephosphorylation should not alter P0. Activation of PKC does
alter open probability, but by decreasing P0 [2, 50], thus, okadaic
acid does not seem to be acting by enhancing the effect of PKC.
Still, there appears to be at least one protein phosphatase which
is normally active in A6 cells grown in the presence of aldosterone
and which is in some way linked to Na channel activity. We
would predict that this phosphatase is tonically active and reverses
a phosphorylation step of unknown nature which enhances Na
channel activity. Several possible targets exist which might modify
apical Na transport in response to phosphorylation/dephosphor-
ylation reactions. More work is needed to determine if this target
is the channel protein itself or some modulatory protein known to
be associated with renal epithelial Na channels, such as G-
proteins or cytoskeletal elements. Determining if the postulated
phosphatase is cytosolic or associated with the plasma membrane
(possibly to the channel protein complex itself) of A6 cells will
require the addition of okadaic acid to the "cytosolic" surface of
excised, inside-out patches. Nonetheless, it seems clear that there
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is an okadaic acid-sensitive phosphatase which tonically sup-
presses apical Na transport in aldosterone-stimulated distal
nephron cells.
G-protein regulation of sodium channels
Another modulator of highly selective, apical Na channels is
the family of G-proteins. As mentioned above, in A6 cells,
activation of basolateral G-proteins associated with vasopressin
V2 receptors, increases cAMP-dependent PKA activity and leads
to an increase in the number of apical Na channels probably by
promoting insertion of new channels [17]. However, there are
additional G-protein effects. Cholera toxin also increases apical
insertion of Na channels, but before there is a significant
insertion of new channels, CTX also produces a transient increase
in open probability which returns to baseline levels 30 minutes
after the peak increase [56, 59]. In contrast, pertussis toxin (PTX)
produces a similar increase in open probability, but the effect is
sustained and there is no significant increase in the number of
Na channels. The unit conductance and Na selectivity of the
channel were unaffected by either toxin [56, 60].
The issue with these experiments is determining the site (apical
or basolateral membrane) and mechanism of action of the G-
proteins. They could either act indirectly to promote production
of second messenger agents (cyclic nucleotides or inositol
polyphosphates) or apical membrane-bound G-proteins could
directly gate Na channels as has been shown for K and Ca2
channels in excitable cells and for amiloride-blockable, low selec-
tivity Na channels in renal epithelial cells (see above). In excised,
inside-out patches from A6 cells, activated PTX produces an
increase in the mean open time of single Na channels from 1 to
2 seconds in untreated patches to 15 to 40 seconds in treated
patches [56, 60]. A non-hydrolyzable GTP analogue (GTPyS)
applied to the "cytoplasmic" surface of excised patches decreases
the open probability of single Na channels while application of
GDP!3S increases open probability [60]. These effects are consis-
tent if PTX is acting in a traditional manner comparable to its
action on other G-proteins, that is, to uncouple a G-protein from
its receptor and, thus, deactivate the G-protein. If this mechanism
is correct, activation of an apical membrane-bound G-protein (by
GTPyS) inhibits Na channels (by reducing open probability)
while inhibition of G-protein activity (by GDPI3S or PTX) relieves
tonic Na channel inhibition.
The problem with this interpretation is in identifying an appro-
priate G-protein-linked "receptor" present in the apical mem-
brane of A6 cells. There are no proven candidates; however,
recently we have identified A1 and A2 type adenosine receptors in
the apical membrane of A6 cells. Application of specific, A2
receptor agonists to the apical bath reversibly reduces the open
probability of Na channels in a manner similar to cytoplasmic
GTPyS. This implies that luminal adenosine at relatively high
concentrations (micromolar) can inhibit Na reabsorption [61].
The source of luminal adenosine could either be local production
by renal tubular cells as an autacoid or proximal production with
delivery to the distal nephron [62]. It is interesting that both renal
ischemia and a high filtered Na load increase proximal tubular
production of adenosine (micromolar urine concentrations) and
that both instances are associated with increases in urinary Na
excretion. Thus, adenosine may act as a chemical messenger agent
allowing communication between the proximal and distal
nephron.
Regulation by membrane lipid metabolites
Another class of possible candidates for the autacoids and
agonists which might interact with apical, G-protein-linked recep-
tors are lipid metabolites produced at or within the apical
membrane. Phospholipase A2 (PLA2) directly cleaves side-chain
fatty acids, including arachidonic acid, from membrane phospho-
lipids and is activated by G-proteins in some cells. PLA2 activity is
apparently stimulated by release of f3y-subunits from activated
G-protein [63—651. Alternatively, diglyceride lipase can release
arachidonic acid from diacylglycerols produced by hydrolysis of
membrane phospholipids by phospholipase C (PLC) [66]. Arachi-
donic acid can activate certain PKC isoenzymes [671, but the
primary importance of arachidonic acid is that its release is the
rate-limiting step for the biosynthesis of eicosanoids.
Eicosanoids also play an important role in the regulation of
Na transport through the regulation of basolateral, G-protein-
linked receptors in distal nephron cells. In A6 cells, the applica-
tion of prostaglandin E2 (PGE2) to the basolateral surface
produces a complex, biphasic effect on apical Na permeability.
Short term exposure to PGE2 transiently decreases the mean
open time and open probability of single Na channels. Analysis
of A6 cells treated with PGE2 showed that concurrent with the
transient inhibition of Na channel activity, intracellular levels of
1P3 were significantly increased. PGE2 also inhibits Na transport
in isolated rabbit CCT by inducing an increase in cytosolic Ca2
[68]. Earlier, we reviewed work in both cultured A6 and rabbit
CCT principal cells showing that the release of 1P3-dependent,
intracellular Ca2 stores indirectly inhibits Na channel activity.
Phorbol ester-induced decreases in distal nephron single Na
channel activity are reversed by inhibitors of Ca2-dependent,
PKC (staurosporine and sphingosine) [2, 57]. On the other hand,
more prolonged exposure to basolateral PGE2 produces an
increase in the apical membrane density of Na channels in A6
cells, similar to the effect of vasopressin. Interestingly, both
vasopressin and chronic exposure to PGE2 significantly increase
the intracellular levels of cAMP in A6 cells.
Single channel measurements: A family of amiloride-blockable
channels?
On the basis of most macroscopic and fluctuation measure-
ments, one would predict that single, amiloride-blockable chan-
nels on the apical surface of Na-transporting epithelia should be
highly selective for Na over K and should open and close
infrequently. Indeed, as described above, channels with such
properties can be observed in several epithelial preparations, but
in addition, other amiloride-blockable channels have also been
described. Previous patch clamp studies have identified different
channels with either high selectivity, low selectivity, or no selec-
tivity for Na over K in the apical membranes of a variety of
cultured renal cells (A6, LLC-PK1, and cultured CCT and inner
medullary collecting duct cells [3, 24, 69—72]. Cell culture condi-
tions are apparently the primary determinant of the frequency
with which these different channel types are found in the apical
membrane [24]. Properly defined incubation media with A6 cells
grown on very permeable supports always lead to numerous,
highly-selective Na channels in the apical membrane with few, if
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Table 1. Comparison of amiloride-blockable channels
Na:K selectivity
Unit conductance
Kinetics
Voltage-dependence
Amiloride 1/2 block
PKC phosphorylation
Apical G-protcin activation
Increased intracellular calciuma
Increased intracellular acidity"
Aldosterone
ADH
High selectivity channel
1. Mineralocorticoid-replete CCT.
2. Aldosterone-treated A6 cells
grown on permeable supports.
3. DOC-treated rabbit distal
colon
greater than 20:1
4—5 pS
Long open time in
mineralocorticoid-treated
tissues (about 2 see). Much
shorter in depleted tissues (11
msec); closed time about 3—4
sec
Open probability increases with
hyperpolarization
47 nM
Decreases open probability
Decreases open probability
Decreases open probability
Decreases open probability
Increased mean open time
Increased number of channels
Low selectivity channel
1. Untreated CCT principal cells
in primaly culture
2. Aldosterone-dcpleted A6 cells
grown on permeable supports
3. A6 cells grown on
impermeable supports
4. Medullaiy CT cells
less than 5:1
8—9 pS
Similar under all conditions
(open time about 30—50 msec;
closed time 100—200 msec)
Open probability increases with
depolarization
200 flM
9
Increases open probability
No effect
No effect
Little or no effect
No effect
Non-selective channel
1. IMCD cells in primary
culture
2. A6 cells on glass.
close to 1:1
24—28 p5
Similar under all
conditions (open time
about 80 msec; closed
time 200 msec)
No effect of voltage
50 flM
Decreases open probability
Increases open probability
Increases open probability
No effect
No effect
No effect
any, other types of amiloride-blockable channels. But multiple
types of amiloride-blockable channels are also found in other
epithelial tissues as well. Principal cells in primary cultures of
rabbit CCT also have three channels of differing Na selectivity,
all of which are blockable by sub-micromolar concentrations of
amiloride [3, 49]. There is also a well characterized non-selective
cation channel in both primary cultures and isolated rat inner
medullary collecting duct cells (Table 1) [72].
One major question in the field is to develop some rational
scheme that explains the presence and the relationship of these
various channels. There are several possibilities. The simplest is
that the channels are unrelated, that is, that they represent
separate gene products the expression of which is determined by
the growth state of renal cells. This view is at least partially
supported by the work of Canessa et al [6], who have expressed a
heterotrimeric protein in Xenopus oocytes which has single chan-
nel characteristics corresponding almost exactly to the single
channel characteristics of highly selective Na channels observed
in A6 cells and rabbit CCT cultured on permeable supports, and
in freshly isolated rat CCT. However, some experimental evidence
suggests a relationship between amiloride-blockable, non-selec-
tive cation channels and amiloride-blockable, highly Na selec-
tive, low conductance, apical Na channel [24]. Lewis and his
colleagues [73—76] postulate that an intramembranous pooi (pre-
sumably cytoplasmic vesicles) containing highly Na' selective
channels is inserted into the apical membrane of rabbit urinary
bladder and that the insertion is mediated through interaction of
the vesicle with cytoplasmic microfilaments. The newly inserted
Nat-selective channels then undergo hydrolytic degradation by
renal tubular urokinase or kallikrein resulting in a channel with
progressive loss of amiloride sensitivity and Na + selectivity until
the only conductance remaining is the so-called "leak" pathway.
This non-selective, partially degraded channel finally becomes
unstable in the apical membrane and is released into the luminal
fluid and possibly the cytosol. This hypothesis is supported by the
experimental observation that, after stimulation of vesicle fusion
by bladder stretching [73], fluctuation analysis revealed that the
newly-inserted, amiloride-blockable conductance starts with a
Na-to-K permeability ratio of about 30. As the channels
degrade they lose this selectivity with partially degraded channels
having a Na-to-K" permeability ratio of between 2.6 and 9.0.
Finally, the fully degraded channel has little, if any, Na-to-K
selectivity and is not blockable by amiloride [76].
Besides these functional relationships which may imply some
specific relationship between the selective Na channel and some
cation non-selective channels, both Nat-selective and non-selec-
tive cation channels are inhibited by serotonin, with similar half
maximal inhibitory concentrations. Consistent with this similarity
in properties and possible common evolutionary ancestry is the
identification using patch clamp methods of an amiloride-block-
able, Na ' selective channel and an amiloride-blockable, non-
selective cation channel possessing the same conductance (5 pS)
and gating kinetics in the apical membrane of toad urinary
bladder [16]. In cultured sweat gland secretory epithelium from
normal and cystic fibrosis patients, an amiloride-blockable 5 pS
non-selective cation channel has also been described [77]. Amilo-
ride-blockable Na" channels from the Xenopus distal nephron cell
line, A6, reconstituted into lipid bilayers have consistently low
selectivities (PNaIPK = 2 to 3) with a wide range of unit conduc-
tances (4 to 80 pS) [18, 78]. High conductance (40 pS) non-
selective cation channels have also been described in rabbit CCT
primary cultures [79]. That these channels may represent a
continuum of differentiation or degradation states may explain the
identification of both high selectivity, low conductance and low
selectivity (PNa/PK 3 to 4), high conductance (7 to 10 pS) Na'
channels and 21 pS non-selective cation channels in A6 cells
Predominant occurrence
a Cell-attached patches; intracellular calcium elevated with calcium ionophore or release of intracellular Ca2" stores
hExcised, inside-out patches
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depending on their transporting state or permeability of the cells
growth supports [69].
Another link between amiloride-blockable, poorly selective
channels and highly Na selective channels is a common response
to several hormones and second messenger agents known to
regulate Na reabsorption. Amiloride-blockable Na.v channels
and amiloride-blockable non-selective cation channels are both
activated by vasopressin, cAMP analogs, phosphodiesterase inhib-
itors, and PKA in toad urinary bladder [5, 16, 801.
There are, however, some differences in regulation among the
various amiloride-blockable cation channels. G-protein activation
appears to activate poorly selective Na channels [71] and
non-selective cation channels [81—83], but inhibit highly selective
Na channels [601.
Nonetheless, there are enough similarities between the various
amiloride-blockable channels that there is a possibility that they
may be related. Since cDNAs for at least one of the channels have
been isolated [6] and since both channels, selective and non-
selective for Nat, have been expressed in oocytes [84—88], it
should now be possible to directly compare the different classes of
channels at a molecular level. Since it is clear that expression of
selective Na channels requires at least three different subunits, it
is possible that the difference between the different channels may
represent different assemblages of subunits in different stoichio-
metries similar to the variations produced by assembling different
potassium channel subunits in excitable tissue.
Amiloride-blockable channels form a family of functionally
related channels present in the apical membranes of most Na
transporting epithelia. Whether they are genetically related must
await more detailed information on the properties of the channel
genes themselves. Nonetheless, single channel and fluctuation
measurements have provided a rich picture of the regulation of
these channels. Virtually every modulatory cascade known seems
to affect the activity of these channels either by altering their
number or kinetics. This may he appropriate since the channels
are the control point for one of the most tightly controlled
homeostatic variables, systemic Na concentration. As with any
similar complicated regulatory scheme, the potential for "cross-
talk" between secondary messenger systems (involving PLA2,
PLC, and G-proteins, among others) modulating membrane Na
permeability underscores the need for an examination of the
influence of these signaling pathways on single Na channels.
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